A4bstract. To assess the pattern and causes of community structure, we sampled 38 isolated springs in the Dalhousie Basin of South Australia to determine the distributions of five taxa of native fishes. We visited each spring on at least two consecutive days, used several collecting methods to determine the presence or absence of each taxon, and took standardized measurements of abiotic environmental variables. Community organization was highly predictable: (1) number of species increased with spring size, (2) each species occurred in nearly all springs larger than a certain size, and (3) species composition exhibited nearly perfect nestedness. These results suggest that much of the variation in the composition of other communities may not be stochastic. When the influence of historical and environmental factors can be assessed, the colonization-extinction processes and ecological relationships that determine community structure may be highly deterministic.
than expected if they simply associated at random.
Community ecology is concerned primarily with Thus, the existence of structure implies the operation species diversity. Its goal is to account for the number, of deterministic processes that regulate species comidentity, and characteristics of the species that coexist position. A continuing problem, however, concerns the in one place, and for the spatial and temporal variation relative importance of deterministic and stochastic in species composition.
processes in community assembly. The kinds of struc-A major problem is the kind and degree of "struc-ture described above rarely account for all of the obture" exhibited by communities. Structure can be de-served variation in species composition. This raises fined as any non-random pattern of species assembly; the question of how much of the remaining variation i.e., those species that coexist differ in some way from is owing to stochastic processes, such as uncertainties what would be expected if they had been assembled in colonization, extinction, and the outcome of biotic by chance. Several kinds of structure have been iden-interactions, and how much is owing to the determintified: (1) species-area relationships: the positive re-istic effect of factors, such as historical events and enlationship between species richness and size of habitat vironmental conditions, that have not been included (e.g., Arrhenius 192 1, Darlington 1957 , MacArthur and in the analysis. One way to address this issue is to study Wilson 1967 , Schoener 1974 ; ( 2 ) character displace-a group of communities where potentially important ment or morphological spacing; coexisting species tend historical and environmental factors can be either held to be more different in certain morphological traits constant or measured precisely and included in the than expected by chance (e.g., Lack 1947 , Brown and analysis. Wilson 1956 , Hutchinson 1959 , Dayan et al. 1989 ; (3) The fishes inhabiting the mound springs in the Dalassembly rules: non-random associations of particular housie Basin of central Australia provide an excellent species or taxonomic or functional groups of species system for such a study. A large number of isolated (e.g., Diamond 1975 , M'Closkey 1978 , Fox 1989 ; and springs occur within a small geographic area, and they (4) nested subsets: the tendency of assemblages of suc-share a common geological history, environmental setcessively higher species richness to contain all of the ting, and species pool. The springs differ conspicuously species in less diverse assemblages plus one additional in size and associated variables. In this paper we assess species (e.g., May 1978, Patterson and Atmar 1986 , the kinds, degree, and causes of structure in these fish Patterson 1987 ; see also the core/satellite structure of communities. Hanski 1982) . Structure is usually identified by comparing multiple assemblages and observing that certain combinations
The springs of species occur together significantly more frequently
The Dalhousie Springs comprise ~8 0 active and extinct springs in Witjira National Park, South Australia ' Manuscript receired 24 Jul) 1992; rev~sed 17 December (Fig. 1; Zeidler and Ponder 1989) . The springs are re-1992, accepted 2 1 December 1992.
stricted to an area of z 7 2 km2 in the northwestern part Table 4 . This identification code follows Zeidler and Ponder (1989: Fig. 2 ), except that springs whose outflows are interconnected are coded as a single spring (e.g., A l and A2 are designated A I , 2).
of the Simpson Desert. The springs are located on the western margin of the Great Artesian Basin, where exposed geological strata vent the thermally heated water to the surface (for details of geology and hydrology see Krieg [1989] , Smith [1989] ). The springs are very dynamic. They undergo a successional process of formation, transformation, and extinction as they form a mound of soil and increase the hydrostatic pressure, and as erosional processes uncover new strata for outflow. Although the timing of this process has not yet been measured, significant changes in outflow of individual springs have occurred within the last two decades.
The springs share a common geological history. The Dalhousie Basin has been isolated from adjacent drainages, the Finke River and the Lake Eyre Basin, since at least the late Pleistocene (Krieg 1989) . While presently isolated from each other by intervening desert, the springs have potentially been connected in the past by confluence of their outflows and by surface flooding during infrequent episodes of heavy precipitation (Kotwicki 1989) . Thus, because fish require aquatic connections for dispersal, there has been no recent colonization from outside the Dalhousie Basin, but there have been periodic opportunities for movement between springs within the Basin.
The springs also share a common ecological setting because they are supplied by the same aquifer, and they are confined to a small area of similar elevation, geology, soil type, climate, and vegetation. The springs are similar in hydrochemistry, but they differ somewhat in temperature, and a great deal in a number of variables associated with their size and successional stage (Smith 1989) .
The ,fishes
The fish fauna of the Dalhousie Springs consists of five genera in five families ( Fig. 2 ; Table 1 ). We will refer to these taxa as goby, gudgeon, catfish, hardyhead, and perch. Based on our sampling, each of these fishes occurred in a distinctive range of microhabitats (shown qualitatively in Fig. 3) . Goby, the smallest species, occurred in both source pools and outflows, but only in extremely shallow water or among dense vegetation. Gudgeon occurred in similar habitats, but because of its larger size was confined to deeper water than goby. Catfish was benthic and nocturnal, and even during its nocturnal foraging it rarely strayed more than a few centimetres from the vegetation or substrate. Hardyhead was primarily pelagic; it sometimes formed large schools and frequented the open waters of source pools and major outflow channels. Perch, the largest species, occurred throughout the source pools and deeper outflow channels. Gudgeon and perch are predators that feed on other fishes and invertebrates; the other three species are generalized feeders that consume both plant and animal material (Glover 1989) . While these five species may affect each other through both competition and predation, factors other than these interactions (e.g., abiotic conditions and predation by birds) appeared to be at least equally important in determining abundance and distribution.
The goby, catfish, and hardyhead are endemic to the Dalhousie Basin at the species level (Glover 1989) . Presumably this differentiation reflects the long isolation of the Dalhousie Basin from surrounding drainages. The hardyhead apparently exhibits significant morphological and genetic variation among the springs within the Dalhousie Basin, and two species have been described (Ivantsoff and Glover 1974 , Crowley and Ivantsoff 1989 , 1990 . Because the two species never coexist in the same spring and we were uncertain about the identity of some populations (identification requires large samples for electrophoretic and morphometric analysis), we did not attempt to identify the hardyheads to species. So, while we recognize that some differentiation in isolation among different springs has occurred, we treat the hardyheads as a single taxon or "ecological species."
All five species are native to the Dalhousie Basin and belong to genera endemic to Australia. Unlike desert springs elsewhere in Australia and throughout the world, the Dalhousie Springs do not contain any exotic species. The creation of Witjira National Park has preserved the most diverse assemblage of native fishes in desert mound springs throughout Australia.
METHODS

Data
On two field trips (17-26 September and 5-1 3 October 199 1) we intensively sampled a total of 43 springs for the five species of fishes. We were greatly aided in this endeavor by the work of Glover (1989) , who had previously collected fish from these springs, and had summarized their known distribution. Our procedure consisted of visiting each spring on at least two consecutive days, leaving minnow traps set overnight in both the source pool and outflow channel (three traps in each location if there was sufficient deep water), using a small seine to sample adjacent to vegetation in both source pools and outflow channels, and using a small dipnet to sample shallow-water habitats in both source pools and outflows. All fish were captured alive, identified to genus, measured, and returned to the spring.
Our sampling methods were designed to determine accurately the presence or absence of e x h species, not to quantify their absolute or relative abundance. We rapidly learned the microhabitats of each species, and we used this information to direct our sampling, first to confirm the records of Glover (1989) , and second to search carefully for all species not known to be present. We confirmed all but one occurrence reported by Glover: we could not find goby in Spring E3; dead vegetation indicated that the largest outflow had dried up, and we suspect that the goby had gone extinct. We added 27 new records of occurrence to the 50 reported by Glover. Most of the records we added were of the We also measured the size and temperature of the source pool and mapped the outflow. Other measurements of environmental variables were obtained from the literature and from aerial photographs. Flow (discharge) rates were taken from Smith (1989) . Length of the outflow channel and the area of riparian vegetation were measured by digitizing aerial photographs (South Australian Department of Lands, Adelaide, South Australia).
Analysis
Of the 43 springs, three pairs and one triplet had interconnecting outflows, and thus could not be considered to have independent communities. Each of these interconnected systems was considered to be a single spring, and we used the total fauna, the average temperature, and the combined area, flow rate, and other measures of spring size in our analyses. This left 38 isolated springs, of which 28 contained fish. Each of these was separated from other springs aboveground by at least 50 m of dry land, and there were no belowground connections through which fish could disperse.
We performed three kinds of analyses. First, we tested for correlations between fish species richness (number of species present) and environmental variables (area of source pool, discharge rate, temperature of source pool, length of outflow channel, and area of riparian vegetation). We plotted a standard speciesarea relationship on logarithmic axes. This analysis used data for only the 28 springs where fish were present. In addition, because most of the environmental variables were correlated, we used Principal Components Analysis (PCA) to quantify the independent patterns of variation. In this latter analysis we used the complete data set of 38 springs, and all environmental variables except temperature were log-transformed. Then we regressed the fish species richness against the PCA scores.
Second, we analyzed the environmental variables that were associated with the presence and absence of each fish species in the 38 springs. We tried several techniques, including discriminant analysis, and all gave similar results. Here we present data for the incidence (presence or absence) of each species as a function of the PCA 1 scores for the springs.
Third, we tested the statistical significance of the nested subset structure of the 28 fish communities against the null hypothesis of random assembly. We used the Monte Carlo simulation procedures of Patterson and Atmar (1986, modified to incorporate the continuity correction of Wright and Reeves 1992). We used both the RANDOM0 and RANDOM1 routines of Patterson and Atmar: the former assumes that each species is equally likely to be present; the latter assumes that the species richness of the assemblages are the same as the observed \slues, and the probability of each species occurring in a community is proportional to its actual frequency of occurrence among the spnngs. In each case 1000 simulations were run, and the number giving a degree of nestedness equal to, or greater than, that observed in the real communities gave a direct estimate of the probability under the null hypothesis. habited by fish (area is the area of the source pool in m'). Fig. 4 shows the classical species-area relationship, where area is the surface area of the source pool. This measure of spring size accounted for 79% of the variation in species richness. This is not to suggest, however, that the size of the source pool was the most important variable affecting species diversity.
A number of variables, each reflecting some aspect of spring size, were positively correlated with each other and with species richness. This was demonstrated by the PCA ( Table 2 ). The area of source pool, discharge rate, length of outflow, and area of riparian vegetation all loaded heavily on the first PCA axis. When species richness was regressed against the PCA scores for axis one (Fig. 5) , this integrated measure of spring size accounted for 75% of the variation (67% when the zero values were not included). The number of species was not significantly correlated with any of the other PCA scores.
Neither temperature nor isolation, two potentially important variables, appeared to affect species diversity. The second PCA axis accounted for most of the remaining variation in spring characteristics and reflected primarily the temperature of the source pool. Scores on this second axis, however, were not significantly correlated with species richness. It is difficult to know how to evaluate isolation, because colonization could have occurred only when aquatic connections were present in the past. It is apparent from Fig. 1 , however, that immediately adjacent springs, which were most likely to be interconnected and exchange colonists during times of flooding, often contained very different numbers of species. This was confirmed by an analysis: distance to the nearest spring containing the same or a larger number of species did not account for significant residual variation around the species-area regression (r2= 0.02; P = .74).
Each species was present in springs above some threshold size
The close correlation between species richness and spring size was owing to the tendency of each species to be present in most springs above a certain size and absent from most springs below this threshold. The sequence of species addition with increasing spring size starts with goby, and runs gudgeon, catfish, and hardyhead, to perch. This is shown in Fig. 6 where If the threshold size is taken as the smallest spring in which the species is present, this value accounts for much of the variation in presence and absence. There remains, however, some overlap in the sizes of springs inhabited by different numbers of species (Table 3) . For example, there is much overlap in the sizes of springs containing zero and one species; most of this can be attributed to the largest uninhabited spring, which had a temperature of 40°C, which is 2" above the lethal temperature of all species.
Species composition is almost perfectly nested
The tendency of each species to occur in most springs above some threshold size results in an almost perfectly nested subset pattern (Table 4) . There was only one exception among the 28 isolated springs: hardyhead was absent from one spring (El) where perch was present. The probability of observing such a high degree of nestedness as a result of random species assembly is infinitesimally small (P << .0001). This is the case, even with the conservative RANDOM 1 test (Patterson and Atmer 1986) , which uses the observed values to constrain the number of springs inhabited by each species and to weight the possibility of occurrence of each species. goby to very narrow for perch. All five species have very broad tolerances for most abiotic and biotic conThe fish communities of the Dalhousie Springs ex-ditions, but they differ in the amount and kind ofaquathibit an amazingly regular, deterministic structure: the ic habitat required to maintain a viable population. number of species is highly correlated with spring size, For each species the populations in the smallest spring each species is present in virtually all springs above a where it occurred probably numbered a few hundred threshold size, and the result is an almost perfectly individuals: gobies, at one extreme, achieved such nested subset pattern of species composition. Note that numbers in the smallest springs, but perch, at the other although both the correlation between species richness extreme, did so only in the largest springs. These difand spring area (Fig. 2) and the presence or absence of ferences in population density or carrying capacity reeach species as a function of spring size (Fig. 6 ) dem-flect characteristics such as body size and trophic speonstrate highly predictable community structure, neicialization: goby, at one extreme, is very small, has ther of these patterns is as precise as the nearly perfect generalized food habits, and can live in extremely shaldegree of nestedness (Table 4) . This implies that the low and vegetation-choked waters; perch, at the other characteristics of springs that we have measured are extreme, is a large, top predator, that requires deep and not the only variables that determine species distriopen water. bution and community composition.
Second the environmental factors and dynamical What is there about these springs that produces a processes that influence both colonization and extincdegree of structure rarely observed in comparative tion are highly predictable. Colonization is only posstudies of communities? We suggest that three factors sible through aquatic connections, which occur when account for this deterministic structure.
outflows merge or infrequent floods inundate the inFirst, the spring-size requirements of the five species tervening habitat. When such connections are present exhibit a range of specificity, from extremely broad for all species have approximately equal opportunities to disperse. Once they have colonized, the persistence of these species reflects the extent to which the spring meets their ecological requirements, as described above.
Thus extinction also appears to be very predictable, because it reflects the minimum population size and hence the minimum spring size required by each species. The only apparent extinction since Glover's ( 1 989) surveys in the 1970s. of goby in one of the smallest springs (E3). fits this pattern. The highly deterministic nature of both coloniration and extinction may come as a surprise to most population biologists and community ecologists. These processes have traditionally been thought to be highly stochastic. In this system, however. they appear to be highly predictable, and to depend on both intrinsic characteristics of the species and extrinsic features of their environment. Third, the effects of historical events and uncon- The proximity of the springs to each other has resulted in approximately equal opportunities for exchange of colonists, as indicated above. This proximity also means that the springs share a common physical and biotic setting. The net result is that the fish communities of the springs have been assembled from a common species pool, and one set of environmental factors, reflecting spring size, accounts for nearly all of the variation in the number and identity of species.
While an increasing number of studies are documenting a significant degree of nested subset structure in communities of many different kinds of organisms and habitats, the degree of nestedness reported here is among the highest known (Patterson and Atmar 1986, Patterson 1990 ; B. D. Patterson [who has made an extensive survey], personal colnlnunication). Interestingly, fish communities in desert springs in the Death Valley Basin of North America also exhibit an extremely high degree of nestedness (Brown and Gibson 1983 Brown (199 1) have suggested to be both necessary and sufficient to produce nestedness: (1) a common biogeographic history; (2) similar contemporary environments: and (3) hierarchical ecological relationships among the species, including absence of exclusion of one species by another by means of competition, predation, or indirect effects of other organisms such as parasites or pathogens.
The structure of the fish communities at Dalhousie Springs has important implications for community ecology. Our results imply that much of the apparently stochastic variation in community composition in other studies may be attributed to the failure to take into account the importance of historical events and certain environmental variables. When these historical and environmental factors can either be held constant or measured accurately and included in the analysis, species diversity and composition may be highly predictable. This implies that not only extinction but also coloni~ation may be much more predictable than has often been assumed (see also Brown 197 1, Patterson 1987 ). We do not mean to imply, however, that all communities should exhibit nested subset structure. Departure from nestedness can be expected whenever t h e three conditions outlined i n Patterson a n d Brown (1991) a n d a b o v e are n o t met. Nestedness is n o t expected when, for example, communities represent a range o f successional stages, a n d t h e pioneer species t e n d t o be replaced by later colonists (perhaps as a result o f biotic interactions). Nevertheless, i n this a n d other cases the process o f c o m m u n i t y assembly a n d the structure that results m a y b e highly deterministic, if the effects o f t h e i m p o r t a n t historical events a n d environmental factors can b e assessed.
T h e deterministic structure o f the Dalhousie fish communities also has i m p o r t a n t implications for conservation biology. I n particular, t h e nestedness m e a n s that the only way t o maintain t h e present diversity o f species is t o ensure that the large, species-rich habitat patches (in this case, t h e largest springs) a r e preserved (Patterson 1987) . Furthermore, t h e dependence o f each species o n a critical spring size n o t only suggests that extinction is highly predictable, b u t it provides the opportunity t o estimate the m i n i m u m population size required for persistence. I f such estimates were madea n d w e have n o t m a d e them-they should b e interpreted with caution, however. Because these springs represent relatively constant environments a n d there m a y b e frequent opportunities for recolonization (and hence for the operation o f t h e rescue effect; Brown and Kodric-Brown 1977) , the m i n i m u m population sizes required for persistence i n this system m a y b e m u c h smaller t h a n those required for the survival o f single isolated populations i n m o r e variable environments.
